We have fabricated Mach-Zhender interferometers (MZIs) using the (Ba,Sr)TiO 3 (BST) film sputter-deposited at 450°C, which is a critical temperature for the process after metallization. An optical modulation of about 10% is achieved when 200 V is applied (electric field in BST is 1.2x10 4 V/cm). However, the response time of optical modulation to step function voltage is slow (1.0-6.3 s). We propose a model for the slow transient behavior based on movable ions and a long dielectric relaxation time for the BST film, and good qualitative agreement is obtained with experimental results.
Introduction
Recently, the switching speed of transistors has been improved and the performance of an LSI system is currently limited by the signal delay of global interconnections. 1) An optical intra chip interconnection instead of a conventional global metal interconnection has attracted considerable attention for improving the performance of LSIs further.
2) To realize optically interconnected LSIs, one method is to integrate many discrete light-emitting devices on an LSI by a bonding technique. 3) However, this technique is not suitable for mass production at the current stage. Therefore, we have proposed an optical interconnection system using optical switches made of electro optic (EO) material, 4, 5) where external light is introduced into an LSI chip and an optical signal is modulated using the optical switches. This optical interconnection system should be monolithically integrated on the metallization layer to save the chip area.
(Ba,Sr)TiO 3 (BST) is one of the promising EO materials to be integrated on a Si substrate because a BST film was already used as a high-k dielectric film for memory capacitors in the research stage. 6) In our previous study, we have succeeded in operating a monolithic Mach-Zehnder interferometer (MZI) optical modulator on a Si substrate using a spin-coated BST film, 7) and found that it is necessary to anneal the spin-coated BST film at 550°C to produce a poly crystallized film. However, the temperature of 550°C is too high to fabricate optical switches after metallization process. The process temperature after metallization should not exceed 450°C. 8) In this study, we have succeeded in fabricating a monolithic MZI on a Si substrate using the BST film sputter-deposited at 450°C and evaluated the performance of the fabricated MZI. A model for the slow response of the MZI is also proposed .
Experimental Procedure
BST films were deposited by RF magnetron sputtering. The structure of the RF magnetron sputtering machine used was reported in ref. 9 and the deposition condition is shown in Table I . Previously, it was reported that both the crystallinity and propagation loss of the BST films increase with growth temperature. 9) Although the BST film sputter-deposited at 450°C has a high crystallinity, the light propagation loss is very large (470 dB/cm).
9) Therefore, we fabricated the special structure shown in Fig. 1 Fig. 1(d) . Then, a BST film was deposited by RF magnetron sputtering at 450°C. A spin-on-glass (SOG: 1.0 μm thick) film was then deposited as an upper cladding layer for the BST waveguides. Finally, Al electrodes were formed by vacuum evaporation and wet etching. Figure 2 shows an optical measurement system for the MZI optical modulator. He-Ne laser light (λ=633 nm) was introduced from the cleaved edge of the MZI, and the output light intensity was measured using a semiconductor photodetector (818-SL, Newport), an optical power meter (1830-C, Newport) and a lock-in amplifier (5600A, NF Electronic Instruments). The input light is transverse electric polarized. A voltage was applied to one arm of the MZI, and optical modulation characteristics were measured.
in order to

Results and Discussion
Voltage dependence of optical modulation
One example of the MZI response is shown in Fig. 3 . The output intensity is changed by about 10 % at maximum when the applied voltage (V) is 200 V (BST layer electric field: E BST = 1.2x10 4 V/cm). E BST was calculated using a BST relative dielectric constant (ε BST ) of 330, which was obtained by the quasi-static capacitance-voltage measurement of an Al/BST/SiO 2 /Si capacitor. The voltage applied to p-type Si was estimated to be ∼1 V because the inversion layer was formed with the stray light of the He-Ne laser. This result is higher than that of the MZI made of spin-coated and annealed (550°C) BST, for which the optical modulation was about 2% when E BST = 1.3x10 4 V/cm. 7) The reason for the high operation voltage of 200 V is that the voltage is mainly applied to two SiO 2 cladding layers with a small relative dielectric constant (ε sio2 =3.9) and the electric field in the BST layer with a larger dielectric decreases. Figure 4 shows the voltage dependence of the phase shift (Δφ) of the MZI, where Δφ is given by 11) 2 ) cos( 1
Here, I is the output intensity and I 0 is the maximum output intensity of the MZI. The optical phase shift Δφ is proportional to the applied voltage, as shown in Fig. 4 , suggesting that the light is modulated by the EO effect of the BST phase shifters in the MZI. V π =900 V and V π L=36 V⋅cm are estimated by extrapolating of the measured phase shift shown in Fig. 4 , where V π is the drive voltage required for the phase shift π and L is the length of the BST phase shifters (L=400 μm). These results are higher than those of an MZI made of crystal LiNbO 3 (V π =6 V and V π L=3 V⋅cm). 12) The low performance of our MZI is caused by the insufficient crystallinity of the BST film and an unoptimized device design. As the reason for the slow optical modulation, the resistance-capacitance (RC) delay time of the Al electrode and Al/SiO 2 /BST/SiO 2 /Si capacitor is very short (about 1.2 ps). The heating effect generated by the leakage current is also negligible, as indicated in the following order estimation. The leakage current is very small (about 1.3x10 -7 A/cm 2 at V=200 V) owing the thick SiO 2 cladding layers. The temperature increase at a steady state is simply estimated using a one-dimensional model, and also the thermal conductivity of the Si substrate is assumed to be the same as that of SiO 2 for simplifying the calculation. As a result, the temperature increase of the BST layer is in the order of 10 -5 °C at maximum. Then, the optical modulation due to the heating effect generated by the leakage current is roughly estimated to be in the order of 10 -4 , which is negligible compared with the measured modulation (0.1). Here, we used the thermo optic coefficient of the LiNbO 3 crystal 13) for this estimation because that of the BST film has not yet been reported. Therefore, we considered that the transient behavior of the optical modulation may be caused by the electric and optical properties of the BST film. The model of the transient behavior of the MZI is proposed in Fig. 6 : (a) cross section, (b) output intensity versus E BST , (c) output intensity with time, and (d) dielectric relaxation characteristics of the BST film. In Fig. 6(b) , the E BST dependence of the output intensity is indicated, which is given by eq. (1), where Δφ is proportional to E BST , as shown in Fig. 4 . The dielectric relaxation characteristics of the BST film are schematically shown in Fig. 6(d) . 14, 15) We assumed that there are some movable ions in the BST film because it is not perfectly stoichiometric. 16) (1) At the initial state (V=0, 0<t<t 1 ), there is no electric field in the BST layer and the output intensity is maximum. (2) When the voltage is applied (V>0, t=t 1 ) , an electric filed is generated and polarized charges are rapidly induced at the SiO 2 /BST interface, resulting in a rapid decay at the output intensity. (3) Subsequently movable ions slowly drift toward the BST/SiO 2 interface owing to the electric field in the BST layer. Also, additional interface charges are induced by the slow dielectric relaxation effect of the BST film. 14, 15) These charges reduce the electric field in the BST layer. Therefore, the output intensity slowly slightly increases. The time constant τ 0 ∼2 s (discussed in the first paragraph in this section) may correspond to the time constants of the ion drift and dielectric relaxation effect. (4) When the voltage is switched to 0 V (t=t 2 ), the external electric field is removed. However, the movable ions remain at the BST/SiO 2 interface and some polarized charges do not disappear immediately, as shown in Fig.  6(d) , owing to the slow dielectric relaxation effect. 14, 15) These charges generate an electric field in the opposite direction in the BST layer compared with that immediately before voltage switching (Fig. 6(b) , (3)). As a result, the output intensity does not rapidly return to its initial maximum value but rapidly slightly increases at t=t 2 [ Fig.  6(b), (4) ]. (5) Then, the output intensity slowly increases to the initial state with decreasing the interface charge density. The measured time constants τ 1 =6.3 s and τ 2 =1.0 s may correspond to the time constants of the ion drift and dielectric relaxation effect. However, it is unclarified to which phenomenon these time constants belong at this stage. Figure 7 shows the time dependence of the measured current between the Al electrode and the Si substrate with an applied rectangular voltage waveform. When the applied voltage is changed from 0 to 200 V or from 200 to 0 V, the sharp peak current flows owing to the rapid polarization of the BST and SiO 2 films. Additionally, the slow current decay follows the peak current, which may be induced by the slow dielectric relaxation effect and/or movable ions. This result supports the above-mentioned transient mode based on the dielectric relaxation effect and movable ions. The leakage current of about 2x10 -7 A/cm 2 flows when a voltage of 200V is applied, because SOG is not highly insulative, for which the measured conductivity is about 10
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Ω⋅cm. Here, the origin of the movable ions is discussed. In a stoichiometric BST, the ratio of Ba+Sr : Ti : O is 1 : 1 : 3. However, the Ba+Sr : Ti : O ratio of the BST film used in this study was evaluated to be 1 : 1.39 : 4.26 by X-ray photoelectron spectroscopy measurement. Therefore, excess Ti 4+ and O 2-ions may act as positive and negative movable ions, respectively. Figure 8 indicates the frequency dependence of the modulation. The modulation decreases with an increase in frequency. From the limitation of the response time of the power meter, the maximum measured frequency is 100 Hz in this study. The slow response components discussed above must have led to the large frequency dependence.
Optical mode in multimode MZI
Here, it is necessary to note that the waveguides used for the MZI are wider than a single-mode waveguide. As a result, the output light intensity of the MZI is sufficiently high, resulting in the observation of the optical modulation. However, the light propagation mode becomes multimode. From the simulation, there are 92 modes in the width direction of the BST waveguide. Rivlin et al. reported that the interference in a multimode MZI with a large number of modes is very complex and the optical modulation by such interference is zero mathematical expectation. 17) Nevertheless, Fig. 4 indicates that the MZI in this study acts similarly to a single-mode MZI. At this stage, there is no absolutely convincing explanation for the single-mode-like operation of the fabricated MZI. However, we assumed the following reason for this phenomenon. That is, only the fundamental mode and several modes near the fundamental mode may dominate the output light. As shown in Fig. 1(d) , the BST phase shifters are not completely defined; however, they are connected to the outer part of the waveguide region through steps of 1.27 μm height. As a result, some propagating light leaks when it reflects at the sidewall of the BST waveguide. Figures   9(a) and 9(b) show the calculated number of propagating light reflections at the sidewall and total leakage loss versus mode order, respectively. Higher order modes are more rapidly diminished because of a large number of reflections. On the other hand, the fundamental mode and several modes near the fundamental mode slowly decay and may dominate the output light. From this mechanism, although the MZI is multimode, it may work similarly to a single-mode MZI.
To improve the performance of the BST MZI, it is necessary to fabricate a single-mode BST waveguide where both high crystallinity and low propagation loss are achieved. We have pointed out that that the light scattering induced by poly crystalline grains is the major cause of the BST waveguide propagation loss. 9) Therefore, the propagation loss may be reduced by aligning the direction of the BST grains. Graphoepitaxy, in which an artificial surface topographic pattern can control the orientation of crystal grains, 18) is one possible method of improving the optical properties of the BST waveguide. Additionally, the crystal quality of BST in the thickness direction may be improved by inserting a buffer layer, e.g., MgO 19) between a SiO 2 cladding layer and a BST layer.
Summary
We have, for the first time, succeeded in operating an MZI modulator made of a BST film deposited at 450°C on a Si substrate and achieved a modulation of about 10%.
The transient response and frequency dependence of the MZI were investigated, and a model of the observed slow transient behavior was proposed on the basis of the movable ions and slow dielectric relaxation of a nonstoichiometric BST film. The reason for the successful operation even for a multimode MZI was also determined. An improvement in BST film quality is essential for obtaining a higher MZI performance. The operation voltage is expected to be reduced using a suitable device design. Here, a the propagation angle of each mode was calculated from an equivalent index, and then the number of reflections was analytically calculated using the propagation angle.
